The pink hibiscus mealybug, Maconellicoccus hirsutus (Green) (Hemiptera: Pseudococcidae) is a pest of many plants, and a new problem on dates in California. The effects of seven insecticides and water on different life stages of this mealybug were studied to identify the best material for control. Water did not have any significant effect on mealybugs, but the insecticide treatments significantly affected all life stages tested. The egg hatch rate ranged from 28.5% to 17.2% for spirotetramat, bifenthrin, flupyradifurone, fenpropathrin, and buprofezin treatments, and was lower for sulfoxaflor (2.8%) and acetamiprid (0.1%). Despite high survival of neonate crawlers in the non-treated control and water treatments, 53.1% and 34.6% survived in the spirotetramat and buprofezin treatments, respectively; survival was zero in the other treatments. Spirotetramat and buprofezin caused very low mortality of nymphs in the first day post-treatment, but mortality significantly increased over time and reached 42.8% and 50.6% by day 6, respectively. The other treatments were highly toxic to the nymphs (79.4-99.4% on day 6). Insecticides also had a significant effect on the feeding ability of nymphs. By day 6 after treatment, 73.9% to 100% of nymphs treated with different insecticides stopped feeding although they were still alive. Insecticides showed no effect on the mortality of adult females, but the percentages of ovipositing females were significantly reduced (51.1% to 10.6%) in all insecticide treatments, except buprofezin, which was not statistically different from water and the non-treated control. In the process of our studies, we identified abnormalities in the appearance of eggs from females treated with various insecticides, and these aberrant eggs are described.
Introduction
The pink hibiscus mealybug (PHM), Maconellicoccus hirsutus (Green) (Hemiptera: Pseudococcidae), is thought to be native to southern Asia as it first was collected and described in India in 1908 [1, 2] . The first invasion of the pest was reported from Egypt in 1925 [3] . Since then, it has spread to other tropical, subtropical, and temperate regions of the world including the rest of Africa [4] [5] [6] [7] , the Middle East [8, 9] , Australia [10] , the Caribbean Islands [11, 12] , and the Americas [13] [14] [15] [16] [17] [18] . In the United States and related territories, PHM first was detected in Hawaii in 1983 [19] and has been established in the Mariana Islands [20] , Puerto Rico [13, 21] , California [22] , Florida [23] and the Virgin Islands [24] . [25] .
Pink hibiscus mealybug is a polyphagous sap-sucking insect that feeds on a wide range of host plants in 76 plant families and over 200 genera [26] [27] [28] . Economic losses occur in forest trees and ornamentals, field crops, vegetables, and fruit trees such as citrus, grapes, and avocados [13, 23, [29] [30] [31] . Feeding damage by PHM results in deformed fruits, leaves, and shoots, stunted plant growth, and eventual plant death [13, 32] . The pink hibiscus mealybug is considered a serious pest in the United States, due to its extremely broad range of economically important hosts [33] . Estimated economic losses due to its damage and control have been predicted to reach $700 million in the United States [34] and $5 billion globally [35] .
In California, the first introduction of PHM was into the Imperial Valley (Imperial Co., CA, USA) in the fall of 1999. A biological control program by the California Department of Food and Agriculture (CDFA) was established, and two exotic encyrtid parasitoid wasps, Anagyrus kamali Moursi and Gyranusoidea indica Shaffee were released from 2000-2004. This program resulted in the establishment of the parasitoids and reduction of PHM to nearly undetectable levels [36] . Pink hibiscus mealybug was detected further north in the Coachella Valley (Riverside Co., CA, USA) in 2009 and slowly spread northward until 2014 when it was found to be widespread on landscape plants in the urban areas from Indian Wells to Palm Springs. To address this problem, we initiated a biological control program in which we released Anagyrus callidus Triapitsyn, Andreason & Perring (originally thought to be A. kamali but described as a new species [37] ) and G. indica.
In addition to infestations on ornamentals, PHM has been identified in fruit bunches of date palms growing in the Coachella Valley. Although classical biological control has proven to be effective in urban regions of the Imperial and Coachella Valleys, the use of parasitoids in dates is limited. A cultural practice used to prevent insect infestation (especially carob moth, Ectomyelois ceratoniae (Zeller)) and reduce rain damage which can lead to fruit rotting [38] , is covering the fruit bunches with polyester mesh bags [39] . These bunch covers also prevent access of natural enemies to pests in the bunches and mealybug populations can build up rapidly in dates that become infested before the bunches are covered (Figure 1) . Therefore, the timing of control is critical to ensure bunches are pest free before covering. In addition, it is important to provide date producers with a range of control options from which a holistic management program can be developed. The goal of this study was to evaluate the toxicity of seven insecticides with different modes of action to identify the best candidates for PHM control. 
Materials and Methods

Insect Rearing
Terminal branches of the carob tree (Ceratonia siliqua L.) infested with PHM were collected from the Coachella Valley in the fall of 2015 and transported to the University of California, Riverside (UCR)
Insectary and Quarantine facility under the appropriate permit. Colonies were started and have been maintained on squash fruit (Cucurbita moschata Duchesne ex Poir., varieties Black Futsu and Shishigatani) grown at the Agricultural Operations at UCR. Harvested squash were washed to remove dirt and any arthropods, decontaminated in a 5% bleach solution for 5 min, then transferred to a container of water for a few minutes before a final rinse in distilled water to remove bleach residues. The squash fruits were infested with first instar nymphs (crawlers) which were attracted to a pinpoint light within a dark rearing cabinet. The crawlers were sprinkled onto clean squash using a flour sifter every day. Mealybugs infested the squash and were kept in a dark cabinet where they develop into adults. Males and females mated, and their progeny provided a consistent supply of crawlers to re-infest new squash. The PHM colony was maintained at 26 ± 2 • C, 50 ± 10% RH, and 0:24 L:D photoperiod.
Experimental Arenas
For experimental arenas, we needed a substrate that could last for about 10 days (duration of the bioassay) allowing us to evaluate the effect of different treatments for 6 days after treatment. Also, it was important that the substrate could support the development of PHM. Date fruits and squash fruits and leaves of some common host plants, Chinese hibiscus (Hibiscus rosa-sinensis L.), squash, and cotton (Gossypium hirsutum L.), were tested for their suitability in experimental arenas. After these preliminary tests, cotton leaves were selected based on the criteria mentioned above. The cotton plants were grown in a greenhouse until they reached a height of 50-60 cm, after which they were moved to the laboratory to make experimental arenas. Arenas consisted of 6 × 1.5 cm Petri dishes, containing a substrate of 0.5% agar (MP Biomedicals, Santa Ana, CA, USA). A cotton leaf disc (4 cm in diameter) was placed with the abaxial side facing up on top of the agar. The 0.5% agar concentration provided a semi-solid substrate that kept leaves from desiccating. A 1-cm hole was made in the lid of the Petri dish and covered with fine mesh for ventilation while not allowing escape of mealybugs.
Insecticides Evaluated and Treatment Methodology
The materials selected for this bioassay were those used against mealybugs or similar pests in other crops, and they represented a wide range of modes of actions. Insecticides tested were flupyradifurone, spirotetramat, sulfoxaflor, buprofezin, acetamiprid, bifenthrin, and fenpropathrin (Table 1) . For each insecticide, the maximum label rate for mealybugs or similar pests on another agricultural commodity was identified, and the concentration of this rate in 935 L/ha of water was determined (Table 1) . Each material was mixed with distilled water using this concentration, placed in the reservoir of a deluxe airbrush (Central Pneumatic #69492, Camarillo, CA, USA) set at 5 psi and held perpendicular at 15 cm away from the experimental arenas inhabited by mealybugs. The effect of distilled water also was evaluated, and there was a non-treated control. 
Bioassays
All treatments were evaluated at the same time. After spraying the arenas, the leaves were allowed to dry for about 45 to 60 min at room temperature, and then the lids were placed on the arenas. All experimental arenas then were maintained in a growth chamber at 24 ± 2 • C, 50 ± 10% RH, and 0:24 L:D photoperiod during the evaluation period.
Eggs
Gravid females were brushed off the squash in the stock colony; these squash fruits had been infested with crawlers 28 days earlier. Five Petri dishes (10 × 1.5 cm) were created with cotton leaves as mentioned previously, and 30 females were transferred to each dish. After 3 days, the ovisacs (waxy filamentous secretions covering eggs) were gently detached from the females using a fine brush, and they were moved individually to experimental arenas. The ovisac in each arena then was sprayed or left as a control. Each treatment was replicated 12 times (twelve arenas per treatment). Following treatments, the ovisacs were pulled apart and the total number of eggs in each ovisac was counted. The eggs were checked daily for the next 12 days. At this time, the numbers of hatched/unhatched eggs and dead/alive crawlers were recorded. A second study was conducted on eggs in which the ovisacs were not pulled apart, allowing the assessment of the treatment to intact ovisacs. For this study, ten ovisacs were placed in each arena and sprayed, after which the effects on egg hatchability and crawler survival were determined. Each treatment was replicated 10 times in this study.
Nymphs
Second-instar nymphs were brushed off a 14-day-old infested squash from the stock colony. Twenty nymphs were transferred to each arena, and allowed to settle for 24 h, after which 15 successfully settled individuals were kept in each arena. Each treatment was replicated 12 times. After treatments, mortality was recorded at 24 h intervals for 6 days. Mealybugs were considered dead if they failed to move their legs after gentle probing with a fine brush. In addition, the number of nymphs that were still alive but stopped feeding (probed mealybugs were unable to grip the leaf and their stylet was not inside the leaf) was recorded daily.
Adult Females
Adult females were brushed off a 28-day-old infested squash from the stock colony. Similar to the nymph bioassay, twenty adult females were transferred to each arena from which 15 settled individuals were kept after 24 h. There were 12 replicates for each treatment. Mortality was recorded at 24 h intervals for 6 days. Mealybugs were considered dead if they failed to move legs after gentle probing with a fine brush. In addition to the mortality assessment, the effect of insecticide treatments on oviposition was determined by recording the proportion of ovipositing females in each arena at day 6 after application.
Statistical Analysis
All data analyses were performed using R version 3.5.1 for windows [40] . A generalized linear model (GLM) with a binary response (dead/alive) and a binomial distribution (glm function) was applied to test the effects of different treatments on mortality of the nymphs and adult females. The GLM was followed by Tukey's test (glht function) to compare the mean mortality rates among different treatments (p < 0.01). For the number of nymphs that stopped feeding, the data were analyzed using Fisher's Exact test followed by pairwise comparisons between treatments (cldlist function) (p < 0.01). The variances in the percentage of hatched eggs and the percentage of ovipositing females were heterogeneous (p < 0.05), therefore they were subjected to one-way ANOVA followed by Games-Howell posthoc test (p < 0.05).
Results
Insecticide treatments had a significant effect on the average hatch rate of the mealybug eggs (F 8, 98 = 76.58, p < 0.001) ( Table 2 ). The highest hatch rates were observed in the non-treated control (85.7%) and water (78.4%) treatments, which were not statistically different from each other. The hatch rate declined significantly in the insecticide treatments, and was not significantly different between spirotetramat, bifenthrin, flupyradifurone, fenpropathrin, and buprofezin treatments (ranging from 28.5% to 17.2%). Sulfoxaflor and acetamiprid treatments showed significantly lower hatch rates (2.8% and 0.1%, respectively). A high percentage of crawlers survived after emergence in the non-treated control and water treatments (93.2% and 82.9%, respectively). Treatments with the two growth regulators, spirotetramat and buprofezin, resulted to 53.1% and 34.6% crawler survival, respectively. However, the crawler survival in other treatments was negligible or zero ( Table 2 ). The statistical comparison of the survival rates among the treatments was not possible because only one of the eggs in one of the replicates in the acetamiprid treatment hatched, and there was an insufficient number of replicates to perform the analysis. Observations of treated ovisacs provided additional information about the effects of insecticides on the emerged crawlers (Figure 2 ). In the non-treated control and water treatments, a high percentage of the eggs hatched, and the crawlers survived normally. In treatments with the growth regulators, spirotetramat and buprofezin, a much lower number of eggs hatched and some of the crawlers survived (Figure 2c,d, respectively) . For ovisacs treated with bifenthrin, the eggs hatched but the emerged crawlers were not able to leave the ovisac and died within it (Figure 2e) . Crawlers in the fenpropathrin treatment were able to leave the ovisac but died close to it with the chorion still attached to the nymph (Figure 2f ). In the flupyradifurone treatment, most of the crawlers could emerge from the egg chorion and leave the ovisac but died close to it (Figure 2g ). Sulfoxaflor resulted in the same crawler mortality but a much lower number of eggs hatched. The hatch rate was almost zero in the ovisacs treated with acetamiprid (Figure 2h) . Mortality of PHM nymphs was significantly affected by different treatments at all time intervals (p < 0.01) ( Table 3) . Mortality with water was not significantly different from the non-treated control from day 1 to day 6. Spirotetramat caused low mortality in the first two days (0.6% and 8.9%) which were not statistically different from the non-treated control and water. However, the mortality by this growth regulator increased over time and reached 42.8% by day 6 (71-fold increase from day 1 to day 6). The other growth regulator, buprofezin, showed a significant difference from the water and non-treated control beginning at day 4, and caused 50.6% mortality at day 6 (13-fold increase from day 1 to day 6). Mortality with sulfoxaflor increased from 8.9% on day 1 to 79.4% on day 6 though it was not significantly different from non-treated control and water in the first day. Acetamiprid, flupyradifurone, fenpropathrin, and bifenthrin were the most toxic insecticides to the mealybug nymphs as indicated by the highest mortality rates from day 1 (27.8-60.0%) to day 6 (89.4-99.4%) ( Table 3) .
In addition to the acute mortality effects on nymphs, the tested insecticides had a significant impact on the feeding ability (p < 0.01) ( Table 4) . One day after spray treatments, more than 97.3% of the nymphs treated with sulfoxaflor, acetamiprid, flupyradifurone, fenpropathrin, and bifenthrin stopped feeding although they were still alive. This rate reached 100% by the second day. For spirotetramat and buprofezin, the percentages of nymphs that stopped feeding increased from 8.3% on day 1 to 75.6% and 73.9%, respectively, on day 6. There were no significant differences between these growth regulators and the other insecticides on days 5 and 6 (p < 0.01) ( Table 4) . All tested insecticides showed zero or little effect on the mortality of adult females (<7% mortality on day 6), and there was no significant difference among the treatments (p < 0.01) ( Table 3) . Females in all treatments (except buprofezin and spirotetramat) were unable to grip the leaf and stopped feeding. However, they were still capable of ovipositing although their oviposition was compromised by the insecticide treatments (Figure 3) . The symptoms of insecticide treatments ranged from no ovisac production (spirotetramat), to long curly strands of eggs (sulfoxaflor and flupyradifurone), to dark sticky secretions with very little wax (acetamiprid), to wax production with very few eggs laid (fenpropathrin and bifenthrin). Also, treatments had a significant effect on the percentage of ovipositing females in each arena (F 8, 98 = 85.86, p < 0.001) (Figure 4 ). The percentages of ovipositing females were 93.9% and 90.0% in water and buprofezin treatments, respectively, which were not significantly different from non-treated control (98.9%). Spirotetramat, sulfoxaflor, flupyradifurone, and acetamiprid had lower rates of ovipositing females ranging from 30.6% to 51.1% with no significant difference among these treatments. The lowest rate of ovipositing females was observed with bifenthrin (10.6%) which was not statistically different from fenpropathrin (14.4%) (Figure 4) . 
Discussion
The efficacy of a broad selection of insecticides including carbamates [41, 42] , organophosphates [43] [44] [45] , neonicotinoids [41, 42, 44, 46] , pyrethroids [41] [42] [43] , and insect growth regulators [45, 47] has been evaluated on pink hibiscus mealybug in the field and laboratory bioassays. However, there is no material registered for pink hibiscus mealybug suppression on dates in California, and the main objective of this study was to identify the best chemical for that purpose. Our results indicated that all of the tested insecticides were effective on this mealybug, and their effects were enhanced with an increase in exposure time.
The two pyrethroids tested, bifenthrin and fenpropathrin, effectively controlled all PHM life stages. Of the nicotinic acetylcholine receptor (nAChR) agonists tested, acetamiprid, as its label suggests, had a strong ovicidal effect and none of the treated eggs hatched. Based on our observations, the embryo developed and the dark eye spots were visible through the semitransparent chorion, but the embryo was not able to break out of the egg. This neonicotinoid also provided a high level of nymph mortality and significantly affected reproduction of the treated females. The second nAChR agonist, flupyradifurone, also resulted in high mortality of eggs, emerged crawlers, and second-instar nymphs, and it had a significant effect on the oviposition of adults. The majority of the eggs laid by the treated females were not viable, and the crawlers in those that hatched died shortly after emergence. The third tested nAChR modulator, sulfoxaflor, was slow-acting initially but provided a moderate level of nymphal control from day 4 to 6. The lipid biosynthesis inhibitor, spirotetramat, had more activity on eggs and immature life stages of the mealybug. In addition, reproduction of adult females was reduced, and fewer eggs were laid by treated females. However, the oviposited eggs were viable and hatched. Buprofezin, the other growth regulator, did not have any effect on adult mealybugs as expected, but it was effective against the immature stages. Most of the nymphs died during molting, typical of a chitin biosynthesis inhibitor. It also adversely affected the egg hatchability of mealybugs. According to the chemical label, evidence of activity may be slower than a typical contact insecticide as treated susceptible pests may remain alive on the plant for 3-7 days. However, they stop feeding eventually leading to mortality. This is in agreement with our result that shows 50.6% mortality of nymphs at day 6 when 73.9% of the nymphs had already stopped feeding. A similar trend was obtained with the spirotetramat treatment.
The application of non-selective insecticides can result in a decrease of natural enemies, thereby bringing serious consequences in the pest population dynamics [48] . Therefore, before incorporating a chemical into the Integrated Pest Management (IPM) program of a pest, its compatibility with biological control agents that are either resident or are planned to be released should be assessed. For PHM in dates, it is essential to consider the effects of candidate chemicals on the two important parasitoids of the pink hibiscus mealybug in the Coachella Valley, A. callidus and G. indica. In addition, it is important to consider the impact on Galendromus flumenis (Chant), which is a key predator for another major pest of dates, the Banks grass mite, Oligonychus pratensis (Banks) [49, 50] . Several studies have shown that bifenthrin and fenpropathrin are extremely toxic to beneficial arthropods, including the parasitoid wasps and the predatory mites [48, [51] [52] [53] [54] [55] ; therefore, the use of these pyrethroids should be carefully considered. Acetamiprid has been reported to have negative effects on several natural enemies [56] [57] [58] [59] [60] [61] [62] while being harmless to others [63] [64] [65] . Thus, the use of this material in the IPM program in dates should be evaluated further. Compared to most neonicotinoids, flupyradifurone and sulfoxaflor have a safer profile for beneficial arthropods, allowing control of pests with lower impact on natural enemies [66, 67] . Spirotetramat is safe to Anagyrus sp. near pseudococci sensu Triapitsyn et al. (recently renamed Anagyrus vladimiri (Triapitsyn) [37] ) as it did not show any adverse effect on the reproduction of this parasitoid species [68] . It also has been shown to be harmless to Neoseiulus californicus (McGregor) and Phytoseiulus persimilis Athias-Henriot ( [63] ) but had severe effects on the reproduction of Galendromus occidentalis (Nesbitt) [65] and it adversely affected all growth stages and fecundity of Neoseiulus fallacis (Garman) [69] . Furthermore, spirotetramat is known to have short residual activity, thus it may be suitable for inclusion in an IPM program on dates where we may wish to release parasitoids following insecticide treatments. Buprofezin also is safe to beneficial insects and mites. It did not have any negative effect on Anagyrus sp. near pseudococci (recently renamed A. vladimiri) when used for controlling citrus red mite, Panonychus citri McGregor in citrus orchards [70] .
Knowledge of the differences in susceptibilities of PHM life stages to various insecticides can inform the choice of insecticides and determine the most accurate timing for applications. Based on the results obtained in this study, excellent control of PHM should be achieved with bifenthrin, fenpropathrin, flupyradifurone, acetamiprid, and sulfoxaflor. These materials caused nominal survival in nymphs emerging from treated ovisacs and rapid declines in nymphal feeding leading to high nymphal mortality. Applications should be made in the early season when eggs are just hatching, and crawlers are present. Later in the season, if more control is needed, applications of acetamiprid, fenpropathrin or bifenthrin may be helpful to reduce the number of later instar nymphs and suppress the reproduction of females. We suggest rotating materials with different modes of action and spectrums of activity which can delay the development of resistance. 
